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A backscatter LDV system was used to record velocities of solid particles in the near-wall region
of the riser section of a pilot-scale cold-flow CFB. The riser was 30.5 cm in diameter and 15.2 m
in height. The bed material comprised cork particles with a Sauter mean diameter of 812 µm
and a particle density of 189 kg/m3. The superficial gas velocity was varied from 3.75 to 5.4 m/s
with a solids circulation rate ranging from 3.4 to 17.1 kg/m2‚s. A bimodal velocity distribution
was observed near the wall region. The mean velocity of solids was found to increase with
increasing superficial gas velocity and decreasing solids circulation rate. The mean velocity of
particles moving in the downward direction was relatively insensitive to changes in operating
conditions. A criterion for defining clusters was proposed and justified, and the effects of operating
conditions on the mean velocity and size of clusters were examined. The mean cluster velocity
for most of the operating conditions was in the range of 0.8-1.4 m/s in the downward direction.
The mean cluster size was found to increase with increasing solids-to-gas load ratio.

1. Introduction

1.1. Particle Velocity Measurements in Circulat-
ing Fluidized Beds. Circulating fluidized beds (CFBs)
are used widely in many processes in the petroleum and
chemical industries. They have been studied intensively
in the past in efforts to improve such industrial pro-
cesses as CFB combustion and gasification of coal and
fluid-catalytic cracking (FCC). CFBs exhibit complex
hydrodynamics, caused by interactions between the gas
and solid phases.1 Particle velocity is one of the key
parameters in understanding such systems, as it affects
the mixing; heat, mass, and momentum transfer; and
erosion. Computational fluid dynamic models of gas-
solids flow systems have been found to be inaccurate in
describing flow dynamics in CFBs.2,3 Simulations must
accurately capture the particle interactions in the
annular region to successfully capture the overall flow
behavior. The individual particle velocity information
can be used to estimate the turbulent intensity of the
solid phase and to estimate the granular temperature.
Information on the variation of particle velocity with
the radial distance is important in establishing the
shear rate or viscosity dependence of the gas-solids
mixture on the granular temperature.

The major challenge in making velocity measure-
ments is to maintain the flow characteristics during
measurement. In general, this can be achieved com-
pletely either by utilizing a laser-based system in a
nonintrusive mode of measurement or by imaging and
particle-tracking techniques. A considerable amount of
research has been done in the past to monitor the
movement of solids in the CFB riser section. The various
techniques used in the past are summarized in Table
1.4-28 Techniques employed include optical and imaging

methods, solids sampling, analysis of pressure and ca-
pacitance measurements, and the use of tracers. The
use of fiber-optic probes is the most common, mainly
because of the ease of operation and the ability to insert
the probes into dense flow regimes and to measure the
solids velocities across the entire radius or width of the
CFB riser.7,9-12,18,27,28 However, these methods are intru-
sive and risk potentially disturbing the flow field that
is being studied. Additional optical methods include par-
ticle imaging techniques PIV20 and stroboscopic analy-
sis,26 as well as laser fluorescence methods employing
tracer species.6,15 Another radioactive particle tracer
study was used to characterize velocities in a large
CFB.22 The imaging techniques can be manpower-inten-
sive in discriminating distinct particles and collecting
sufficient points to characterize average behavior. The
tracer techniques require either a strong radioactive
source or the dilute flow regime to view the fluorescing
particles. Pitot tube5 and capacitance13 probes use in-
direct measurements of solids velocities. Pitot tubes are
prone to plugging, whereas electrical conducting materi-
als and the buildup of charges or spurious electric fields
hamper capacitance measurements. Extraction sam-
pling probes have been used by several investiga-
tors,8,14,19 but these are time-consuming, intrusive,
cumbersome, and represent time-average responses over
the relatively long sampling duration. Isokinetic sam-
pling requirements are difficult to attain as a result of
the nature of the fluctuating flow in CFBs, and the
sampling data require additional information regarding
the solids concentration to determine the solids velocity
from the measured flux. Some of the other solids velocity
measurement techniques, not tested directly in CFB
risers, include image sensing,29 video-imaging,30 tracer
studies,31,32 strain gauge measurements,33 radio waves,34

electrostatic probes,35 and acoustic measurements.36

Although laser Doppler velocimetry (LDV) measure-
ments, both forward and backscatter, are limited to
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either near-wall or very dilute flows, their simplicity,
accuracy, and capability of measuring individual par-
ticle velocities have resulted in their being selected
as the method of choice by many CFB research
groups.4,16,21,23-25 LDV, the measurement technique
used in this study, is an advanced nonintrusive optical
technique for instantaneous local measurements of solid
particle velocities and can provide insight into the
turbulence intensity. All flow field characteristics are
retained, and minimal calibration is required.37 In gen-
eral, two main problems are encountered in using LDV
for dense solids flow measurements:24 (1) Measurement
is hampered by the simultaneous appearance of more
than one particle in the measurement volume. (2) The
intensity of the beam and its scattered light decays ex-
ponentially with the penetration distance into the dense
gas-solids suspension, thereby affecting the signal.

For the solids material (cork) used in this study, the
first problem is not an issue because the individual
particle size is greater than the measurement volume.
The second problem, however, remains a concern, and

the relation between bed-penetration distances as a
function of the solids loading is addressed in this study.
However, LDV can still be used successfully to obtain
valuable particle velocity information in the near-wall
region, even for relatively dense conditions, without
perturbing the flow.

The operating regimes of the fluidized beds of the
various researchers were evaluated using the correla-
tions proposed by Bi and Grace38 and are included in
Table 1. Data were collected over dilute, fast-fluidized,
core-annulus, up-to-dense suspension upflow operating
regimes. However, most of the studies were conducted
to evaluate the velocity measurement technique in
relatively small-diameter CFB risers. As a result, the
data sets generated were dominated by wall effects
rather than gas-solids hydrodynamics. As summarized
in Table 1, only four of the studies, including this study,
were conducted on CFB risers larger than 30 cm in
diameter. In these studies, all of these tests were
conducted with relatively dense bed material in the fast
fluidization regime and the solids velocity measuring

Table 1. Summary of the Measurement Techniques and CFB Operating Regimes Used by Various Researchers

particle
properties

operating
conditions

CFB riser
dimensions

author(s)
bed

material
Fp

(kg/m3)
dp

(µm)
Ms

(kg/m2‚s)
Ug

(m/s)
D

(mm)
H

(m)
fluidization
regime(s)

particle movement
monitoring technique

Arastoopour
and Yang4

shale 2100 13 88, 133 2, 4.2 50.8 2.74 core-annulus
dilute phase

LDA

Bader et al.5 FCC 1714 76 98-195 3.7-6.1 305 12.2 fast fluidization Pitot tube
Hamdullahpur
et al.6

sand - 300 - 0.12-0.6 319 × 176 4 - laser fluorescence

Hartge et al.7 FCC 1500 85 7-70 1.2-5.4 400 8.4 fast fluidization fiber-optic probe
Herb et al.8 FCC sand - 68, 125,

276
10-70 1-8 150 10.8 core-annulus

dilute phasea
sampling probe

Herbert et al.9 FCC 1400 79 50-96 6.1 50b 4.7b core-annulus
dilute phase

fiber-optic probe

Horio et al.10 FCC 1000 60 11.2-11.8 1.2, 1.3 50 2.8 fast fluidization fiber-optic probe
Issangya
et al.,11

Liu et al.12

FCC 1600 70 <550 4-8 76.2 6.1 dense suspension
upflow and fast
fluidization

fiber-optic probe

Louge et al.13 FCC - 61 0-125 0.7-5 197 7 fast fluidization capacitance probe
Miller and
Gidaspow14

FCC - 75 12-32.8 2.6-3.5 75 6.6 core-annulus
dilute phasea

extraction probe

Morooka et al.15 silica gel 1250 1540 - 0.52-0.6 190 2.53 - fluorescent tracer
(measurement of fines)

Moortel et al.16 glass
spheres

2400 120 solids vol
fraction
< 3%

0.8-1.2 200 × 200 2 core-annulus
dilute phase

forward-scatter PDPA

Nieuwland
et al.17

sand 2540 129 100-400 7.5-15 54 8 dense flow,
fast fluidization

optical probe

Parssinen and
Zhu18

FCC 1500 67 <550 <10 76 10 dense suspension
upflow, fast
fluidization

five-fiber optical probe

Rhodes et al.19 alumina 1800 64 42, 63 2.8, 4 150 5.4 fast fluidization sampling probe
Shi et al.20 river sand 3020 382 1.5-2.75 2.8-4 200 × 200 4 fast fluidization PIV
Tsuji et al.21 plastic 1020 200-3000 particle/air

mass flow
rate < 5

8-20 30 5.1 core-annulus
dilute phase

forward-scatter LDV

Viitanen22 FCC 2400 70 289-488 7 1000 39 fast fluidization radioactive tracking
(measurement of fines)

Wang et al.23 FCC 1670,
1398

36, 54 1-70 1-7 140 10.4 core-annulus and
homogeneous
dilute phase

LDV

Wei et al.24 FCC 1398 54 18-200 2.3-6.2 186 8 core-annulus
dilute phase and
fast fluidization

modified backscatter LDV

Yang et al.25 FCC 1545 54 6-134 1.5-6.5 140 11 core-annulus and
homogeneous
dilute phase

backscatter LDV

Zheng et al.26 sand 4420,
3580

153, 270 60, 62 6.5, 4.2 152 9.3 fast fluidization stroboscopic photography

Zhou et al.27 Ottawa
sand

2640 213 20, 40 5.5-7 146 × 146 9.1 fast fluidization five-fiber optical probe

Zhu et al.28 FCC 1500 67 49-208 3.7-10.2 100 - core-annulus
dilute phase and
fast fluidization

five-fiber optical probe

this study cork 189 812 3.4-17.1 3.75-5.4 305 15.2 fast fluidization backscatter LDV

a Assuming particle density ) 1500 kg/m3. b Downer dimensions.



techniques used included radioactive tracers,22 Pitot
tubes,5 and fiber-optic probes.7 Thus, detailed data
obtained using the accurate and nonintrusive LDV
method are lacking, particularly for particles near the
wall region of large-diameter risers. Test data using
larger particles and lighter bed materials permit easier
isolation and detection of individual particles while
minimizing the effects of gas expansion due to the
pressure drop across the bed. In addition, the use of
larger particles leads to lower number densities at a
given mass flow rate and, hence, improves laser pen-
etration into the bed.

1.2. Studies on “Clustering” Phenomena in the
Near-Wall Region. The study of particle motion near
the wall region (annular flow) is of particular interest
in understanding the mechanism of heat transfer with
the wall. This becomes especially important in cases
where combustion temperatures are to be maintained
as the boiler load varies.39 The flow in a circulating
fluidized bed is generally characterized by a rapidly
rising and relatively dilute suspension in the core
surrounded by a slow-falling, denser suspension (an-
nulus) near the wall. The annulus is made up of
alternating dilute-phase and dense-phase “clusters”. The
formation of clusters has been suggested to be one of
the key factors for the high slip velocities observed in
CFB risers.39 Information on clusters can be very
important for modeling heat and mass transfer, chemi-
cal reactions, and the hydrodynamics of CFB risers, as
well as wall erosion.40,41

The measurements of cluster velocities made by
various researchers have been summarized well by
Harris et al.,40 Glicksman,42 and Griffith and Louge.43

The kinds of measurement techniques used in previous
studies to observe the clustering phenomenon are ca-
pacitance probes,13,44,45 optical fiber probes,7,10,27,46 ex-
traction probes,14 thermal imaging (TIV),47 high-speed
imaging,39,41,48,49 particle impact probes,50 γ-radiation,51

laser sheet imaging,52 and theoretical modeling.53,54 The
primary response variables examined in most of the
previous studies are the cluster velocity, cluster length,
and void fraction within a cluster. Typical cluster
velocities are reported to lie between 0.2 and 3 m/s, with
most of them close to 1 m/s.40,44,48 Typical cluster sizes,
reported by various researchers, lie in the relatively
broad range of 0.22-47 mm.40 The mean solids vol-
ume fractions within a cluster reportedly range any-
where from 0.002 to 0.48.40 All three parameters are
functions of the type of particles used in the study, the
size and operating regime of the CFB, and the measure-
ment location in the CFB riser. A correlation for cluster
void fraction, mean cluster size, and mean cluster
velocity, for a particular range of operating conditions,
was suggested by Harris et al.40 and seems to agree well
with most of the previous studies. Sharma et al.45

proposed a criterion to identify a cluster on the basis of
the particle concentration. They concluded that the
solids volume fraction in clusters was not dependent on
particle size but decreased with increasing gas velocity.
Moortel and Tadrist55 suggested that the particle cluster
sizes are strongly related to the local characteristics of
the velocity field.

Griffith and Louge43 presented a very simple correla-
tion relating the cluster velocity (ucl) and particle
diameter (dp) given by eq 1, which agrees reasonably
well with the velocity measurements made by several
researchers

This equation appears to be remarkably robust, consid-
ering the broad variations in operating and experimen-
tal conditions. This correlation was modified by Noymer
and Glicksman47 to incorporate the effect of particle
density and to provide even more generality

where Fp refers to the particle density and Ff to the fluid
density.

Rhodes et al.39 coined the term “swarms” for particles
in contact with the wall that moved typically at 0.3-
0.4 m/s. They also indicated that, a few millimeters
away from the wall, there is a steady bulk downflow of
particles, which they termed “particle strands”, descend-
ing at approximately 1 m/s for suspension densities
greater than 5.6 kg/m3. Yerushalmi et al.56 used terms
such as “streamers”, “strands”, and “ribbons” to describe
this group of particles. The main source of the variations
in the results obtained by various researchers arises
from the uncertainty in the definition of a cluster. One
of the most comprehensive definitions of a cluster was
proposed by Soong et al.44 Lints and Glicksman50

developed criteria on the basis of the experimental
conditions and measurement technique (particle impact
probe) they used. An important issue that remains to
be fully resolved is whether these clusters exist in an
industrial-scale unit. This study is a step toward ad-
dressing this issue by performing experiments and
studying the clustering phenomenon near the wall
region of a pilot-scale CFB riser.

2. Experimental Setup and Apparatus

The experimental test facility used in this study is a
cold-flow circulating fluidized bed (CFB), located at the
National Energy Technology Laboratory (NETL), U.S.
Department of Energy, Morgantown, WV. This system
has been described by Monazam et al.57 A schematic
diagram of this facility is shown in Figure 1. This unit
is an atmospheric-pressure, cold-flow model of a CFB
combustor. The riser is 30.5 cm in i.d. and 15.2 m in
height with a standpipe i.d. of 25.4 cm. The riser is
rigidly fixed to the building structural beams. Structural
vibrations have been observed in the building due to
the motion of solids in the standpipe during slip-stick
flow or in the riser during turbulence or slugging;
however, the air supply is obtained from compressors
housed remotely, 75-100 m away, and the only vibra-
tions observed from the gas supply are due to the high-
frequency noise from the pressure letdown valve that
is separated from the project by a large 3.05-m-
diameter, 7.6-m-high air storage tank. The cork bed
material is so light that pressure fluctuations and solids
flow vibrations in the standpipe were easily eliminated
using 0.254-m (10-in.) and 0.3048-m (12-in.) schedule
40 carbon steel components and 10.33 bar (150 lb)
flanges. The optics bench was also rigidly mounted to
the structural steel beams in the facility.

The CFB is instrumented with aeration flow control
loops, differential pressure transmitters, load cells, and
a spiral device,58 developed at NETL, to measure the
solids circulation rate. Solids are transported from the
standpipe to the riser through a fully fluidized nonme-

ucl ) 36xgdp (1)

ucl ) 0.75xFp

Ff
gdp (2)



chanical valve (loop-seal). Two staged cyclones capture
the particles leaving the riser, which are then returned
to the standpipe. The CFB walls are metallic, to prevent
static buildup, with some sections made of acrylic
(Plexiglas) to allow for visual observation and provide
clear optical access to instruments, such as the LDV
used in this study.

The LDV was set up to take velocity measurements
at a height of 9 m from the bottom of the riser section.
The LDV was placed on a platform supported by a linear
slide to enable it to make velocity measurements at
selected radial locations inside the riser section. The
setup consists of a hand crank that rotates a drive
screw, which, in turn, guides the movement of the slide.
A precalibrated counter attached to the screw converts
the screw rotation value to a linear distance with an
accuracy of 10 µm. This setup enabled the accurate
positioning of the measurement volume of the LDV
within the bed.

3. Measurement Technique

The LDV system used in this study is a component
of a TSI Backscatter Imaging LDV System (BILS).37 In
brief, BILS is a combination of an LDV and an imaging
system and provides simultaneous velocity (using the
LDV) and particle size (using a CCD camera) measure-
ments. However, because of the high light attenuation
and dispersion of the Plexiglas surface, sharp images
of the particles could not be obtained in this study.
Hence, no meaningful information on particle size could
be derived. The effect of plexiglass on the velocity

measurements in the z (axial) direction was studied
independently and found to be insignificant.37 The LDV
component can work independently of the imaging
system and was used successfully to provide axial
velocity measurements in this study.

The LDV unit of BILS is different from a conventional
LDV in the sense that it has both of the probes
(transmitter and receiver) combined into one transceiver
unit. Thus, it works in the backscatter mode and
requires only one optical window to access the flow. Also,
maintaining optical alignment between two separate
probes, which is normally a problem for LDVs operating
in a forward scattering mode, is automatic. An air-cooled
argon ion laser with 750-mW peak output power serves
as the light source. The laser beam passes through a
fiber drive where a Bragg cell is used to split it into two
beams of equal intensity. An interference pattern,
characterized by a set of dark and bright fringes, can
be observed at the intersection point of the two beams.
The plane of the interference pattern lies along the
bisector of the two beams. As a particle crosses these
fringes, Doppler light pulses are generated that are
scattered back to the transceiver. After real-time pro-
cessing of the signal, the results are displayed on the
computer by DataView NT software. The components
of the system are shown in Figure 2.

The velocity is calculated using the equation

where FD is the Doppler frequency, V is the particle
velocity, and d is the fringe spacing, which is given by

where λ is the wavelength of the laser beam and â is
the beam-crossing angle.

In a turbulent system, such as a CFB, it is important
to distinguish between the upflow and downflow of
particles, as the local velocity can change direction. This
is achieved by a Bragg cell that shifts the frequency of
one of the beams, resulting in a moving pattern of
fringes, which permits an unambiguous determination
of the direction of motion. The validation and initial
testing of this unit were conducted by measuring
terminal velocities of near-spherical Nu-Pareil sugar
particles of different sizes and comparing them with
predictions from terminal velocity correlations proposed
by Haider and Levenspiel.59 The results were found to
be in good agreement.37

4. CFB Material

The solids phase consisted of 812-µm (Sauter mean
diameter) cork particles. Cork, when tested at ambient
conditions in air, has a solid/gas density ratio similar
to that of coal and combustion gas at 10-20 atm and
1000 ° C.60 Therefore, it is an excellent material to
generate data relevant to advanced, high-pressure, coal
conversion processes. The particle size distribution of
the cork material used is shown in Figure 3. Its bulk
density is in the range of 88-107 kg/m3, with a particle
density of 189 kg/m3 and a sphericity estimated to be
0.84. Solids volume fractions under vibrated and fluffed
conditions were measured as 0.515 and 0.423, respec-
tively. The minimum fluidization velocity is 0.07 m/s.
The terminal velocity of the material was measured

Figure 1. Schematic representation of the circulating fluidized
bed setup at NETL, Department of Energy facility, Morgantown,
WV.

V ) dFD (3)

d ) λ
2 sin(â/2)

(4)



using the LDV for three particle size cuts and is
reported in Table 2.

5. Results and Discussion

A fully randomized and replicated statistically de-
signed experimental matrix was used to ensure that a
wide range of operating conditions in the fast-fluidized
regime was covered, including examples of dilute (fluid-
dominated61), core-annulus, and dense suspension
(particle-fluid compromising61) cases.60 These tests
were conducted at velocities above which an S-shaped
axial pressure profile could be found. The tests were
conducted using a central composite design with two
independent variables, namely, the riser superficial gas
velocity, Ug, and the solids circulation rate, Ms. Each
variable was tested over five levels. The center point in
the matrix (Ms ) 2722 kg/h, Ug ) 4.58 m/s) was
duplicated within each replicate set to ensure that there
was no time variation due to uncontrolled parameters.
All measurements were taken at steady-state conditions
and at atmospheric pressure and temperature. The
temperature and pressure at the base of the riser were
controlled to 21 °C and 1.062 bar, respectively. This

produced a constant gas density of 1.248 kg/m3 at the
base of the riser. The temperature was controlled using
a process air heat exchanger with a PID feedback
control system adjusting the flow of water to the shell-
and-tube heat exchanger. Hot or cold water was used
to control the air temperature depending on whether
the air temperature was too cold or too hot, respectively.
The pressure was controlled using a back-pressure
control valve and a PID controller to drive the valve.
The pressure transmitter used for the feedback was
located at a distance of 7.6 cm above the distributor.

Several trial runs were conducted to ensure that the
instrument gave repeatable results.37 The typical time
for which data were recorded for measurements near
the wall generally varied from 30 to 45 s. Such a data
set contained a little over 1000 data points. The acquisi-
tion time was chosen individually for all operating
conditions to ensure that a sufficient number of mea-
surements for statistical analysis were acquired.

A typical velocity versus time graph, obtained 1 mm
from the wall, during a run with Ms ) 2722 kg/h and
Ug ) 4.58 m/s, is shown in Figure 4. Instantaneous
velocity data for each solid particle passing through the
measurement volume were recorded with time. A nega-
tive velocity on the graph indicates that the particle was
moving in the downward direction. The frequency
distribution of velocities during a run under the same
conditions (Ms ) 2722 kg/h, Ug ) 4.58 m/s) is shown in
Figure 5. Near the wall, a greater number of particles

Figure 2. Main components of the TSI backscatter LDV system used for 1-D solids velocity measurements.

Figure 3. Particle size distribution of the cork material with a
mean Sauter diameter of 812 µm.

Table 2. Mean Terminal Velocities of Different Particle
Sizes Cuts of Cork Material

size (µm)
mean terminal
velocity (m/s)

700-850 0.86
850-1000 0.95

1000-1200 1.38

Figure 4. Typical temporal evolution of a particle’s axial velocity
obtained 1 mm from the wall of the riser section of the CFB at a
location of z ) 9 m from the bottom (negative velocity indicates
that the particle is moving downward).



moved in the downward rather than upward direction.
It should also be noted that the distribution was
bimodal. For this reason, it was decided to study the
upward and the downward flows separately, in addition
to the net flow of solids. It was also evident from the
results presented in Figure 4 that most of the particles
moving downward had velocities in the range of 1-2
m/s.

5.1. Effects of Solids Circulation Rate. The ex-
perimental matrix allowed the separate study of the
effects of solids circulation rate and superficial gas
velocity on the flow behavior in the CFB riser. The effect
of the solids circulation rate on the solids velocity profile
is shown in Figure 6, where the superficial gas velocity
was kept constant at 4.58 m/s. It was observed that the
mean velocity of solids shifted toward the negative
direction with increasing circulation rates, indicating
that more of the solids near the wall were moving
downward. This is consistent with the core-annulus
flow pattern expected in a riser and was confirmed by
visual observation. The frequency of particles (solids)
being detected near the wall was found to increase with
increasing solids circulation rate. In addition, a greater
fraction of solids were found to move downward. The
mean velocity of solids was found to decrease with
increasing solids circulation rate at this near-wall
location. This is consistent with the results reported by
Wei et al.24 and Yang et al.25 At a very high solids
circulation rate (Ms ) 4491 kg/h), almost all particles
appeared to be moving downward near the wall region.
For the most dilute condition in this study, Ug ) 4.58
m/s, Ms ) 907 kg/h, the net flow of solids everywhere
in the riser was upward; thus, the core-annulus type
of flow was not observed for this case at that axial
measurement location. However, even for this case,

measurements over the entire cross section were not
possible because of particles obstructing the path of the
laser beam.

A similar analysis was carried out at two different
superficial gas velocities for two different solids circula-
tion rates (Ms ) 4005 and 1439 kg/h, at Ug) 5.16 and
3.75 m/s). The results for the higher velocity are plotted
in Figure 7. The mean velocities of the particles moving
upward and downward were examined separately. At
1 mm from the wall, it was observed that the upward
solids velocity decreased and the downward solids
velocity increased with increasing solids circulation rate.
This observation is consistent with the results obtained
by Tadrist and Cattiuw,62 Yang et al.,25 and Zhou et al.27

These results were attributed to the fact that an
increase in the solids circulation rate caused the gas
velocity near the walls to decrease.

It was also observed that the negative velocity was
relatively insensitive to the changes in solids circulation
rate. As the solids flow rate increased, the number of
particles moving downward near the wall increased, but
the mean downward velocity did not change. This
averaged downward velocity was also remarkably in-
variant with radial location. Again, the number of
particles contributing to the average downward flow was
generally lower as the radial position was moved away
from the wall, but the particle velocity remained un-
changed at about 1 m/s.

5.2. Effects of Superficial Gas Velocity. To study
the effects of the superficial gas velocity on the solids
velocity profile near the wall, a constant solids circula-
tion rate was maintained. The velocity profiles for three
superficial gas velocities (Ug ) 5.4, 4.58, and 3.75 m/s)
are shown in Figure 8 for a constant solids circulation
rate of Ms ) 2722 kg/h. The mean velocity increased

Figure 5. Typical velocity distribution obtained 1 mm from the
wall of the CFB riser at a location z ) 9 m location from the bottom
showing bimodal distribution of velocity.

Figure 6. Effect of the solids circulation rate on the mean velocity
near the wall region at a location z ) 9 m from the bottom for a
superficial gas velocity of Ug ) 4.58 m/s: Ms ) 907, 2722, and
4491 kg/h.

Figure 7. Effects of solids circulation rate on upflow and
downflow of solids near the wall region for Ug ) 5.16 m/s: Ms )
4005 and 1439 kg/h.

Figure 8. Effect of superficial gas velocity on the mean velocity
near the wall region at a location z ) 9 m location from the bottom
for a solids circulation rate of Ms ) 2722 kg/h: Ug ) 5.4, 4.58,
and 3.75 m/s.



with increasing superficial gas velocity. This trend is
consistent with the results reported by Moortel et al.16

and Nieuwland et al.17 For all three conditions, the
mean solids velocity was downward very close to the
wall. Similar test cases were considered at a different
solids circulation rate for two different superficial gas
velocities. The results are shown in Figure 9. As
expected, the velocities of the upward-moving particles
increased with increasing superficial gas velocity. The
number of particles moving downward was found to
decrease with increasing superficial gas velocity. These
results are in agreement with those reported by Yang
et al.25 and Zhou et al.27 Again, it was observed that
the mean velocity of downward-moving particles was
relatively insensitive to the change in superficial gas
velocity. This has also been reported by Zhou et al.,27

who varied the gas velocity over a range of 5.5-7 m/s.
Similarly to the effect of solids circulation rate, the
superficial gas velocity did not influence the mean
downward flowing velocity. Furthermore, the radial
position had no discernible impact on the mean negative
velocity.

A statistical analysis [ANOVA test, significance (R)
) 0.05] was carried out on the complete composite test
matrix to estimate the significance of the operating
variables (Ug and Ms) on the mean velocity of solids at
the wall. A significant effect was measured for both Ug
(R ) 0.014) and Ms (R ) 0.005), but the interaction
between Ug and Ms was found to be insignificant (R )
0.18). Furthermore, the test revealed that the solids
velocity was affected more by changes in the superficial
gas velocity than in the solids circulation rate. A similar
effect was also observed in past experiments by Nieu-
wland et al.17 and Karri and Knowlton.63

6. Cluster Formation

Because of the wealth of data collected over various
operating conditions, this study contained much useful
information on the formation of clusters near the walls
of the riser. As seen in Figure 4, many successive signals
occurred over short time intervals; these time-correlated
signals were probably due to the passing of clusters. One
of the most challenging tasks in any study on clusters
is to define what constitutes a cluster. Criteria for
defining clusters are proposed and discussed in detail
in the following section. The effects of the operating
conditions on the velocity and size of clusters are also
examined.

6.1. Cluster Definition. A cluster can be defined as
a group of particles that moves together with a certain
voidage in order to minimize the drag acting on it. Thus,

the velocities of the individual particles constituting a
cluster are fairly close to each other, even though the
cluster might, in itself, be accelerating or decelerating.
In addition, the particles comprising the cluster will
pass through a particular location in space (the mea-
surement volume in this study) within a certain period
of time. This time period will depend on the cluster
velocity, the void fraction of particles within the cluster,
and the size of the cluster. Lints and Glicksman50 used
a particle impact probe to study clusters and defined a
cluster as a group of five or more sequential particle
strikes with some maximum allowable time between
any two sequential strikes. They suggested that this
time to be either 2 or 4 ms for the particles used in their
study, which were 182 µm in diameter.

In the present work, a cluster was identified when
all of the following conditions were met: (1) The dif-
ference in time between any two successive particle
measurements was greater than tsame, to account for
multiple hits by the same particle. (2) The difference in
time between two successive particle measurements was
less than tdiff. (3) At least four sequential particle hits
satisfied the other three criteria (nhits). (4) The velocity
difference (vdiff) between any particles in a cluster was
within (1 m/s of the mean velocity of the other particles
of that cluster.

A Visual Basic code was written to separate clusters
from the raw data and study them independently. With
this code, the parameters in the above criteria were
varied, and the effect of each one was analyzed sepa-
rately. To estimate the values of tsame, the time taken
by a particle to pass through the measurement vol-
ume was used. A particle, on average, has to travel a
distance of 30 µm to cross the measurement volume.
Thus, the time within which the same particle can
produce another Doppler burst can be estimated by the
equation

where v is the velocity of the individual particle in
meters per second and δ is the relevant length, in
meters, of the sample volume. Any two or more sequen-
tial particle hits recorded within this time limit were
considered to be the same particle and discarded from
the analysis of clusters. The velocity difference criterion
is based on the fact that the particles within the same
cluster will move at fairly similar velocities. The value
of 4 for nhits was based on the results of previous
researchers.45,50 One of the reasons nhits is lower than
the value suggested by Lints and Glicksman50 is that
the measurement volume in this study is much smaller
and, hence, fewer cluster particles are expected to pass
through it in a given time frame. A sensitivity analysis
showed that, although the choice of tdiff had a significant
influence on the cluster characteristics (especially clus-
ter size and velocity), these characteristics were not
greatly affected by the choice of tsame, vdiff, and nhits
around the values chosen.

It was observed that the parameter having the
greatest effect on the cluster properties was tdiff. To
obtain an initial upper estimate of tdiff, it was assumed
that the particles in a cluster are symmetrically placed
on the edges of a cube. The distance between them is
then given by

Figure 9. Effect of superficial gas velocity on the mean velocity
near the wall region for a solids circulation rate of Ms) 1439 kg/
h: Ug ) 5.16 and 3.99 m/s.

tsame )
δ (m)

v (m/s)
(5)



where dp is the particle diameter and εc is the cluster
voidage. The cluster voidage (εc) was evaluated using
the correlation suggested by Lints64 (eq 7). The pressure
balance across the riser was used to estimate the
voidage in the dilute phase (ε) for different operating
conditions and is given by eq 8

where ∆p is the pressure drop, Fp is the particle density,
and L is the length of the riser. The Sauter mean
diameter of 812 µm was used to estimate the distance
between particles in eqs 6-8. Finally, to estimate the
upper limit of tdiff, the velocity of the most slowly moving
particle (∼0.1 m/s) was used, with tdiff ) distance/
velocity. The calculated values for the upper limit of tdiff
ranged between 13 and 15 ms. The value of tdiff was
varied from 1 to 19 ms, and its effect on the predicted
number of clusters is illustrated in Figure 10 for three
sets of operating conditions. All of the runs shown were
conducted over a time span of 30 s. As tdiff was increased
from 1 ms, the estimated number of clusters increased.
The effect of tdiff leveled off for all conditions at a value
close to 12 ms, and this value of tdiff was then used in
the subsequent analysis. For the most dilute conditions,
the leveling effect was observed at a lower tdiff value (9
ms). However, the cluster characteristics were found to
change minimally as tdiff was changed from 9 to 12 ms
for the dilute case. An increase in the number of clusters
for very high tdiff values (>16 ms) is explained by the
fact that the software starts to predict clusters compris-
ing individual particles spaced far apart. As expected,
around the 12-ms mark, the densest case (Ms ) 4491
kg/h, Ug ) 4.98 m/s) was seen to have the maximum
number of clusters. The cluster frequency was found to
lie in the range of 1.4-3 Hz, as shown in Figure 11,
and was found to increase with increasing solids-to-gas
load ratio, defined by eq 9 below. Sharma et al.45

reported that the cluster frequency lies between 6 and
11 Hz and also found that it decreases with increasing
particle size for the two particle sizes (70 and 120 µm)
that they used. The results here are consistent with this
result, in that lower cluster frequencies were obtained
for the much larger particles used in this study.

Using the above cluster criteria, the mean velocity
and size of the clusters moving in the downward
direction were estimated and used to study the effects
of the operating parameters. The cluster size was
obtained by taking the product of the length of time
taken by a cluster to pass through the measurement
volume and its mean velocity. Because the technique
used here essentially measures the intersected chord
length of the cluster, the actual cluster size is somewhat
greater (on the order of 2 cm). A dimensionless solids-
to-gas load ratio (m) was defined to characterize the
operating conditions. This is given by eq 9, where A is
the cross-sectional area of the riser

The velocity of clusters moving downward was found
to be in the range of 0.8-1.4 m/s, as shown in Figure
12. Subsequent analysis showed that the velocity of
clusters moving downward was independent of the
operating conditions. The cluster velocity predicted by
eq 2 was 0.83 m/s, which was fairly close to the results
obtained for most of the operating conditions. Equation
2 agreed very well for the case with the lowest loading
ratio but underpredicted the results for the higher
loadings. The velocity distribution of the clusters for a
loading ratio of 2.83 is shown in Figure 13. Most of the
clusters are seen to be moving at a velocity of 1-2 m/s.

The mean cluster size was found to be in the range
of 0.6-1.8 cm. The relatively low values of cluster size,
in comparison with those predicted by Soong et al.,44

might be due to the tortuous path of the cluster passing
the measurement volume. Thus, only an intersected
chord length is measured, which will be smaller than
the maximum length scale of the cluster. This is in
agreement with the works of Noymer and Glicksman,47

Lim et al.,49 and Wu et al.65 The mean cluster size was

Figure 10. Effect of maximum allowable time between consecu-
tive hits (tdiff) on the number of clusters for three operating
conditions.

Figure 11. Variation of cluster frequency with dimensionless
solids-to-gas load ratio.

Figure 12. Variation of mean cluster velocity with dimensionless
solids-to-gas load ratio.
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found to increase with increasing loading ratio and is
shown in Figure 14. Thus, larger clusters were observed
for denser conditions. The average time (number-
average) taken by a cluster to pass through the mea-
surement volume was estimated and plotted as a
function of the solids loading. This is shown in Figure
15 and is seen to exhibit an increasing trend with
loading ratio.

7. Conclusions

For the operating conditions used in this study on cork
particles, the mean solids velocity was found to increase
with increasing superficial gas velocity and decreasing
solids circulation rate. The mean velocity was influenced
more by the superficial gas velocity than by the solids
circulation rate. A bimodal distribution was observed
near the wall region. The velocity of downward-moving
particles was found to be fairly constant and insensitive
to changing operating conditions and sampling location.

Using the proposed criteria to define a cluster, it was
found that the velocity of clusters moving downward
was in the range of 0.8-1.4 m/s but followed no definite

trend with increasing load ratio. Most of the clusters
were found to be moving at a velocity of 1-2 m/s. The
cluster frequency was found to be in the range of 1.4-3
Hz and was found to increase with increasing loading
ratio. Finally, the mean cluster size was found to
increase with increasing loading ratio.

The riser velocity profiles and cluster frequencies and
velocities provide compelling evidence for mechanisms
for wide variations in gas-solids mixing in a riser
operated in the dilute-to-core-annulus flow regime.
Under the more dilute flow conditions identified by low
load ratios, the solids velocity was found to be upward
at all radial positions; however, even at these conditions,
clusters form at the wall and fall at the characteristic
velocity for the bed material, creating a localized eddy.
As the solids loading ratio increases, the number of
clusters or the frequency of clusters grows, involving a
larger cross section of the flow field. As a result, the
upward flow is compressed into a smaller area, resulting
in higher velocities for the gas and solids mixtures
flowing upward. This is the dominant feature in the
regime identified by Li as particle-fluid compromising
(PFC),61 although it was not considered to be important
with more dilute flows that were identified as fluid-
dominated (FD).61 Nevertheless, it is apparent that,
even under dilute upflow conditions, clusters can be
observed near the wall that can influence the overall
flow profiles. For these reasons, computational fluid
dynamics (CFD) models, even in this core-annulus flow
regime, that use a Lagrangian description of the par-
ticles, assuming that they are point masses (i.e., have
no volume) and do not interact with each other (i.e.,
experience no granular stress), are inadequate for risers.
The Eulerian representation of the particles (or the
more detailed discrete element model) still seems ap-
propriate, where the size and interactions of the par-
ticles are tracked.
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Nomenclature

A ) cross-sectional area of the riser (m2)
dp ) particle diameter (m)
D ) riser diameter (m)
H ) height of the riser section (m)
L ) length of the riser (m)
m ) dimensionless solids-to-gas load ratio
Ms ) solids circulation rate (kg/h)
nhits ) minimum number of consecutive hits
tdiff ) maximum allowable time difference between con-

secutive hits (s)
tsame ) minimum time difference between two consecutive

hits (s)
Ug ) superficial gas velocity (m/s)
vdiff ) maximum allowable velocity difference (m/s)
v ) individual particle velocity (m/s)

Greek Letters

R ) significance level in ANOVA
â ) beam-crossing angle in eq 4
δ ) length of the sampling volume in the z direction (m)

Figure 13. Distribution of cluster velocity at a solid-to-gas load
ratio of 2.83.

Figure 14. Variation of mean cluster size with dimensionless
solids-to-gas load ratio.

Figure 15. Variation of mean cluster time required by a cluster
to pass through the measurement volume.



ε ) voidage across the riser
εc ) cluster voidage
∆p ) pressure drop across the riser (Pa)
Ff ) fluid density (kg/m3)
Fp ) particle density (kg/m3)
Acronyms
ANOVA ) analysis of variance
BILS ) backscatter imaging LDV system
CFB ) circulating fluidized bed
FCC ) fluidized catalytic cracking
LDV ) laser Doppler velocimetry
LDA ) laser Doppler anemometry
NETL ) National Energy Technology Laboratories
PIV ) particle imaging velocimetry
TIV ) thermal imaging velocimetry
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